ABSTRACT
INTRODUCTION
Single-strand conformation polymorphism (SSCP) is the most widely used method for mutation scanning. With SSCP, single-base sequence changes can be detected by altered electrophoretic migration of one or both single strands on a non-denaturing gel. SSCP does not detect all sequence changes with one electrophoresis condition, and its sensitivity is a complex function of sequence context and size (1) (2) (3) 6, (8) (9) (10) (11) (12) .
Previous work suggested that the idiosyncratic nature of SSCP sensitivity is a function of both the distribution of mobility of single-base changes and the mobility of the wild-type (WT) sequences relative to that of all singlebase changes (Figure 1 ). For a 200-bp segment, there are 600 possible variants that differ by a single base substitution. If it were possible to generate all 600 possible variants and to plot the mobility in units of band widths, it is apparent that the sensitivity of SSCP will be less for a segment in which the mobility of the WT sequence is close to the mode ( Figure 1A) . If the variance of mobility is wider ( Figure 1B ), SSCP sensitivity, on average, will be higher than with the first condition. However, this is not necessarily so, because the location of the WT sequence within the distribution is also critical.
At least two ways to increase the sensitivity of SSCP have been described. In one approach, SSCP is hybridized with another method in order to generate the redundancy of mutation-containing segments necessary to detect virtually all mutations. For example, in dideoxy fingerprinting (ddF), SSCP is combined with Sanger dideoxy sequencing (6, 9) . A Sanger dideoxy termination reaction is performed with one dideoxy terminator. The terminated single-stranded segments are electrophoresed through a non-denaturing gel. The ladder of segments subsequent to the mutation contain the same mutation with different 3 ′ ends. In a second approach, SSCP is performed under two or more conditions. Typically, two temperatures are utilized, and occasionally, two temperatures with and without glycerol (1, 6) are used.
Recently, we reported that the pattern of SSCP varied markedly when HEPES was added to standard TBE buffer (7) . The correlation coefficient ( r ) between these two conditions was 0.46. These results hint that sugar/base and sugar/sugar interactions are more important than secondary structure, which should be affected little, if at all, by the addition of HEPES.
Herein, we report a detailed analysis of gel matrix, running buffer, temperature and additive to search for a standard set of sensitive and complementary electrophoretic conditions for SSCP analysis. ddF was utilized to provide a very large sample of mutationcontaining segments for analysis. From the data, five conditions were chosen, and detection of virtually all mutations-SSCP (DOVAM-S) analysis was performed with 100% sensitivity in two blinded analyses.
MATERIALS AND METHODS ddF in Two Regions
Polymerase chain reaction (PCR) was performed as described previously (4) . A 785-bp region of exons B/C was amplified with primers F9(6094)-30D
[number system (13) 
Blinded Analysis of DOVAM-S
Blinded analysis was performed with 100 samples in the factor IXgene, including 50 samples with an unknown number of hemizygous mutations and 50 samples with an unknown number of heterozygous mutations. The eight exons and their splice sites were amplified by 15 pairs of primers (Table 1) .
Each PCR was performed at 94°C for 15 s, 55°C for 30 s and 72°C for 1 min for 30 cycles. The PCR was hotstarted at 94°C for 10 min and ended with an additional 10 min at 72°C. The There are 17 substitution mutations in exon H and 16 substitution mutations in exons B/C, which are selected due to low efficiency of the SSCP component. c PAGE = 10% PAGE plus gel, HR = 10% HR1000 gel; TRI = 30 mM triethanolamine/tricine buffer (pH 7.9); CAP = 30 mM ethanolamine/CAPSO (pH 9.6); Gly = 2.5% glycerol. d Roman numerals designate the electrophoresis conditions selected for the blinded analysis of thefactor IXgene. Condition IV is not shown because it was tested in subsequent experiments. Table 2 . b Values are presented as r for exon H and r for exon B/C. a The individual sensitivity was calculated under each set of conditions, and each sense and antisense pair of segments were taken as a unit for calculation of sensitivity. b The observed joint sensitivities (%) were calculated under two, three, four and five sets of conditions, which had ten, ten, five and one possible combinations, respectively. The best scores were obtained under two conditions of II and IV; under three conditions of II and IV and any of conditions I, III and V; under four conditions of II and IV and any two of conditions I, III and V. The worst scores were obtained under two conditions of III and V; under three conditions of III and V and I; under four conditions of III and V and I and IV. 
Gel Analysis
On the ddF gel, an informative dideoxy component was easily detected by a missing segment or an extra segment. The mutation-containing segments showing altered mobilities in the SSCP component were scored and compared with a WT control. In the blinded analysis, 30 single-stranded segments (15 double-stranded PCR products), covering the eight exons were scored by comparison with their neighbors. Unequivocal mobility changes were scored. Typically, a migration change of 1/2 band width on the upper part of the gel or 1/4 band width on the lower part was the limit of resolution.
RESULTS AND DISCUSSION

Searching for Sensitive and Complementary Conditions
ddF gels were utilized to efficiently explore the SSCP sensitivity of different conditions. For a given mutation, the efficiency of the SSCP component is the percentage of shifted mutation-containing segments. The segments of the SSCP components of up to 300 bases were scored. The number of the mutation-containing segments varied from 1-46, depending on the location of the mutation. The efficiency of the SSCP component was utilized as a measure of the likelihood that a given mutation would show a detectable shift in mobility under a given condition. For the few samples in which the number of mutation-containing segments were low (less than 13), the results were generally similar when the analysis was extended to include segments up to 350 nucleotides. ddF gels were performed under two conditions (PAGE plus /TRI/room temperature [RT] and PAGE plus /CAP/RT; Figure 2, A and B) . For exon H, the average SSCP efficiencies for the 24 substitutions analyzed were 91% and 72% for the two conditions, respectively. The efficiencies for individual mutations varied with the conditions; i.e., the efficiency for sample 6 was 98% and 7%, respectively, and the efficiency for sample 13 was 100% and 3%, respectively. Of the 24 samples with singlebase substitutions, in Figure 2 , A and B, respectively, 4% and 25% had efficiencies of <20%; 17% and 25% had efficiencies from 21%-80%; and 79% and 50% had efficiencies >81%. The efficiencies under the two conditions for each mutation in exon H were plotted ( Figure 2C ) and were poorly correlated ( r = 0.39, and the 99% confidence interval overlaps with zero).
Because the efficiency of the SSCP component under standard conditions is low in exon B/C but is high in exon H, 17 selected single-base substitutions in exon H and 16 selected single-base substitutions in exons B/C were chosen for further testing. A variety of electrophoresis conditions were tested, which included gel matrices of MDE, HR1000, PAGE plus and Dcode, running buffers of TBE (pH 8.3), CAP, which is a high pH buffer (pH 9.6), and TRI, which is a medium pH buffer (pH 7.9); additives of glycerol, urea, Resolver Gold and PEG; and temperatures at 20°and 8°C. Under each condition, the efficiency of the SSCP component was scored for each mutation and for each region.
The average efficiency of the SSCP component for the 17 mutations from exon H and the 16 mutations from exon B/C was utilized to estimate the overall sensitivity of seven conditions ( Table  2 ). The averages are derived from analysis of about 1500 mutation-containing segments. The average efficiencies varied with the regions analyzed and the conditions. Correlation coefficients also varied with the regions analyzed and the conditions ( Table 3 ). The effects of changing only buffer (compare conditions 1 and 2 and 4 and 5), of only temperature (compare conditions 2 and 3), of only matrix (compare conditions 2 and 4), of both temperature and glycerol (compare conditions 5 and 7) and of both buffer and glycerol (compare conditions 6 and 7), are among the changes that can be assessed in Table 3 . Some of the correlation coefficients were negative, implying that given samples of low efficiency under one condition were preferentially of higher efficiency under the second condition. Glycerol and temperature seemed to be the factors that produced the greatest changes in mobility pattern.
Five conditions for DOVAM-S were selected after analysis of 22 conditions (data not shown). Tables 2 and 3 show four of those five conditions (see Roman numerals). These conditions were selected as having both reasonably high average SSCP efficiencies (Table 2) and low correlations or negative correlations for both exons H and B/C (Table 3) .
Blinded Analysis of DOVAM-S
The five selected conditions were tested by a blinded analysis in which the eight exons and associated splice junctions of the factor IXgene were scanned in one lane (Table 4A) . Fifty hemizygous mutant or WT samples and 50 additional heterozygous mutant or WT samples were analyzed. Fifteen PCR segments of the factor IXgene were amplified, ranging in size from 143-295 nt.
In total, all 84 single-base substitutions were detected throughout all the 15 PCR segments by DOVAM-S. In retrospect, all of the mutations could have been detected by a combination of the three best conditions (Table 4B ). However, the idiosyncratic nature of SSCP dictates that one cannot predict, a priori, which combinations of conditions will be the best. There is sufficient redundancy, such that the worst score of combination of conditions required the five conditions. Almost 75% of the mutations were detected in at least four of the five conditions. Ten percent of the mutations were detected with only one of the five conditions (Table 4C) .
More data are required to determine whether one or a few percent of mutations might be missed when DOVAM-S is applied to other genes. However, past experience with ddF and restriction endonuclease fingerprinting (REF) and with the very large statistical sample size that underlies this analysis (1500 mutation-containing segments per condition) suggest that the sensitivity of DOVAM-S with the present conditions will be very high, perhaps 99% or greater. A prospective analysis of the factor VIII gene in patients with hemophilia A confirms this. Mutations were found in 85 of 94 patient samples (F.K. Fujimura et al.; unpublished). The remaining nine samples were sequenced by the ABI Model 377 DNA Fluorescent Sequencer (PE Biosystems), and no sequence changes were identified. At least one of the samples without mutations was subsequently found to be misdiagnosed or to have an inversion mutation that occurred outside of the scanned regions.
Genes with high GC content may require the addition of urea to prevent the segments from smearing on the SSCP gels. The data suggest that the sensitivity will remain high as long as the urea concentration is close to the minimum needed to prevent smearing (5) . Note that higher concentrations of urea may produce very sharp bands, resembling those in sequence gels; however, SSCP sensitivity decreases.
